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Using the model independent average neutron rms radius of 133Cs and 127I obtained from the
analysis of the coherent elastic neutrino-nucleus scattering data of the COHERENT experiment,
we remove the long-standing 1.5σ tension between the Standard Model prediction and the weak
mixing angle measurement from the atomic parity violation (APV) in caesium. The updated APV
result becomes sin2 ϑW = 0.239
+0.006
−0.007, to be compared with the Standard Model prediction at low
momentum transfer, sin2 ϑSMW = 0.23857(5). Moreover, exploiting the fact that the APV result is
highly sensitive to the caesium neutron rms radius, Rn, and assuming that the Standard Model
is correct, we combine the APV and the COHERENT measurements in order to get a better
determination of Rn. The value of Rn = 5.42± 0.31 fm is obtained, improving significantly the
current uncertainty. This result allows to infer a meaningful value of the caesium neutron skin,
the difference between the neutron and proton distribution radii, equal to ∆Rnp = 0.62 ± 0.31 fm,
showing for the first time a 2σ deviation from zero.
The weak mixing angle, ϑW, also known as the Wein-
berg angle, is a fundamental parameter in the theory of
the electroweak (EW) interactions included in the Stan-
dard Model (SM) of particle physics [1, 2]. In practice,
the quantity sin2 ϑW is usually quoted instead of the weak
mixing angle itself.
Since the 1970s, the predictions of the SM EW the-
ory have been extensively tested thanks to low-energy
measurements in neutrino scattering and deep inelastic
polarized electron-deuteron scattering [1, 3]. From then,
it took almost one decade to have the first precision mea-
surement of sin2 ϑW by means of dedicated neutrino and
charged lepton scattering experiments. Subsequently, the
experiments performed at the LEP1 and SLC colliders
also provided valuable information on the state of health
of the SM, confirming the EW theory predictions thanks
to many measurements of Z-boson properties, finally es-
tablishing the SM as the correct theory. In particular,
at the Z-pole, it was possible to achieve the most precise
measurements of sin2 ϑW in the high-energy EW sector,
in perfect agreement with SM predictions.
The experimental determination of sin2 ϑW provides a
direct probe of physics phenomena not included in the
SM, usually referred to as new physics. A summary of
the weak mixing angle measurements as a function of
the energy scale, Q, is shown in Fig. 1, along with the
SM predicted running of sin2 ϑW, calculated in the so-
called modified minimal subtraction (MS) renormaliza-
tion scheme [1, 4, 5]. The most recent experimental value,
which falls in the mid-energy range, has been derived
from the measurement of the weak charge of the proton,
QpW , performed by the Qweak Collaboration and found
to be QpW = 0.0719 ± 0.0045 [6], showing an excellent
agreement with the SM prediction. Moving to the low-
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energy sector, the most precise weak angle measurement
so far belongs to the so-called atomic parity violation
(APV) experiments, also known as parity nonconserva-
tion (PNC), using caesium atoms. Atomic parity viola-
tion is caused by the weak interaction, either by Z-boson
exchange between the electrons and the nucleus or by P -
violating inter-nuclear forces, and it is manifested in P -
violating atomic observables [7]. Such experiments plays
a unique role complementary to those at high-energy [8].
In particular, APV is highly sensitive to extra Z (Z ′)
bosons predicted in grand unified theories, technicolor
models, supersymmetry and string theories, underscor-
ing the need for improved experimental determinations
of sin2 ϑW in the low-energy regime [8]. Moreover, his-
torically the APV measurement has moved significantly
over the years, being mostly lower than the SM predic-
tion, at near zero momentum transfer, calculated in the
MS scheme [1]
sin2 θSMW = 0.23857(5) , (1)
motivating a further investigation of all the inputs enter-
ing in this measurement.
The APV determination of sin2 ϑW is derived by mea-
suring the weak charge of 133Cs, QCsW . In the SM, for a
nucleus with N neutrons and Z protons, the weak charge
including EW corrections is defined as [14]
QSM+rad.corr.W ≡ −2[Z(g epAV + 0.00005) (2)
+N(g enAV + 0.00006)]
(
1− α
2pi
)
≈ Z(1− 4 sin2 θSMW )−N,
where α is the fine structure constant and the nucleon
couplings, g epAV and g
en
AV , are given by
g epAV ≈ −
1
2
+ 2 sin2 θSMW , and g
en
AV ≈
1
2
. (3)
The numerically small adjustments in Eq. (2) are dis-
cussed in Ref. [14] and include the result of the γZ-box
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FIG. 1. Variation of sin2 ϑW with energy scale Q. The SM
prediction is shown as the solid curve, together with experi-
mental determinations in black at the Z-pole [1] (Tevatron,
LEP1, SLC, LHC), from APV on caesium [9, 10], which has a
typical momentum transfer given by 〈Q〉 ' 2.4 MeV, Møller
scattering [11] (E158), deep inelastic scattering of polarized
electrons on deuterons [3] (e2H PVDIS) and from neutrino-
nucleus scattering [12] (NuTeV) and the new result from the
proton’s weak charge at Q = 0.158 GeV [6] (Qweak). In red it
is shown the result derived in this paper, obtained correcting
the APV data point by the direct caesium neutron rms radius
determination obtained in Ref. [13]. For clarity we displayed
the old APV point to the left and the Tevatron and LHC
points horizontally to the left and to the right, respectively.
correction from Ref. [15]. For caesium, where N = 78
and Z = 55, the SM prediction of the weak charge is [1]
QSM+rad.corr.W = −73.23(1) . (4)
Experimentally, the weak charge of a nucleus is ex-
tracted from the ratio of the parity violating amplitude,
EPNC , to the Stark vector transition polarizability, β,
and by calculating theoretically EPNC in terms of QW ,
leading to
QW = N
(
ImEPNC
β
)
exp.
(
QW
N ImEPNC
)
th.
βexp.+th. ,
(5)
where βexp.+th. and (ImEPNC)th. are determined
from atomic theory, and Im stands for imagi-
nary part. In 1997, the most precise result
of QCsW was obtained using the experimental in-
put [9] (ImEPNC/β)exp = −1.5935(56) mV/cm or
(ImEPNC/β)exp = −3.0988(109) × 10−13|e|/a2B (where
aB is the Bohr radius and |e| is the electric charge), if β
is given in atomic units to be consistent with Eq. (5). In
1999, a more precise value ofQCsW was extracted, using the
most accurate value of β at the time, β = 26.957(51) a3B
coming from an analysis [16] of the Bennett and Wie-
man measurements [17]. Moreover, the theoretical un-
certainty of (ImEPNC)th. was re-evaluated by improving
the calculation with the comparison with other measur-
able quantities, such as hyperfine levels, obtaining
(ImEPNC)th. = 0.9065(36)× 10−11|e|a2B
QW
N
. (6)
Using this input, the value of
QCsW = −72.06 (28)exp. (34)th. was measured, which dif-
fered from the SM prediction at the time by 2.3σ. Over
the past decade, several theoretical developments ap-
peared to reduce the tension with the SM (such as the in-
clusion of Breit and QED radiative corrections), shifting
the numerical coefficient in Eq. (6) to 0.8906(26)×10−11.
This led to QCsW = −73.16(29)exp. (20)th., in excellent
agreement with the SM expectation. However, a recent
re-evaluation [10], with the inclusion of many-body ef-
fects that were neglected in previous works, moved back
the result to values more similar with earlier works [18],
namely (ImEPNC)th. = 0.8977(40) × 10−11|e|a2B QWN ,
leading to QCsW = −72.58(29)exp.(32)th.. By compar-
ing the experimental value with the up-to-date SM
prediction in Eq. (4), a difference of 1.5σ is found,
δQCsW ≡ QCsW −QSM+rad. corr.W = 0.65(43). This translates
in a similar deviation in the weak mixing angle, giving
sin2 θW = 0.2356(20), to be compared to the SM value
in Eq. (1).
In this paper, we want to discuss the effect on QCsW of
the difference between the neutron and proton distribu-
tion in a nucleus, in view of a recent measurement of the
average neutron rms distribution radius, Rn, of
133Cs and
127I [13]. Indeed, the parity violation in atoms is domi-
nated by the Z-boson exchange between atomic electrons
and neutrons, and so (ImEPNC)th. must be computed
from the atomic wave functions. Since the wave function
of the atomic electrons varies over the dimension of the
nucleus, the final electroweak interaction with the nucle-
ons depends on the spatial distribution of both protons
and neutrons [19]. The effect of the different neutron and
proton distributions has been explicitly considered in the
atomic theory calculations in Ref. [20], but at the end
it was neglected, and the same distribution for protons
and neutrons was assumed, because the estimated size of
the correction was small compared to existing uncertain-
ties at the time. However, as the experimental accuracy
improved, it was realised that the effect could have no
longer be neglected. Following the notation introduced
in Ref. [21], the effect of the finite nuclear size is to mod-
ify N and Z in Eq. (2) to qnN and qpZ respectively,
where
qn(p) =
∫
f(r)ρn(p)(r)d
3r . (7)
Here f(r) is a q-independent folding function determined
from the radial dependence of the electron axial tran-
sition matrix element inside the nucleus, while ρn(p) is
the neutron (proton) spatial distribution normalized to
unity. The difference between qn and qp has the effect of
3modifying the effective weak charge SM value as1
QSM+rad.corr.+n.s.W = Q
SM+rad.corr.
W + ∆Q
n−p
W , (8)
where the correction, ∆Qn−pW , is defined as
∆Qn−pW = N(1− qn/qp) . (9)
An estimate of the effect of different possible neutron
distributions on ∆Qn−pW can be obtained assuming a uni-
form nuclear charge distribution (ρ(r) constant out to
some radius), and then parametrizing the neutron distri-
bution only with the value of Rn [22]. Using this approx-
imation, one solves the Dirac equation for the electron
axial matrix elements, f(r), near the origin by expand-
ing in powers of α. Finally, assuming Rn ≈ Rp, being
Rp the well-experimentally known proton rms distribu-
tion radius, and introducing a single small parameter,
 ≡ (R2n/R2p)− 1, it is possible to find [19, 21, 23]
qp ≈ 1− (Zα)2(0.26), (10)
qn(Rn) ≈ 1− (Zα)2(0.26 + 0.221), (11)
∆Qn−pW (Rn) ≈ N(Zα)2(0.221)/qp. (12)
In Eq. (12) it is shown the rough dependence of the
weak charge correction on the difference between neutron
and proton distributions, characterized by .
In the most recent re-evaluation of the APV result al-
ready cited [10], the authors, among other corrections,
attempted to remove the effect of the difference between
Rn and Rp, originally calculated in Ref. [24], from the
experimental value of QCsW . This allowed a direct com-
parison with the SM prediction QSM+rad.corr.W , that does
not include this effect. Since at the time of Ref. [10]
there wasn’t any caesium neutron radius measurement,
the correction on (ImEPNC)th. due to the difference be-
tween Rn and Rp has been obtained exploiting antipro-
tonic atom x-ray data [25]. From these data, the value
of the so-called neutron skin, ∆Rnp ≡ Rn−Rp, has been
measured for a number of elements. From a fit to these
measurements, the extrapolated neutron skin value for
each element was found to be ∆Rnp = (−0.04± 0.03) +
(1.01± 0.15) N−ZA fm, where A is the mass number. For
133Cs, one can extrapolate the value ∆Rnp = 0.13(4) fm,
which, combined with the very well known value of
Rp = 4.807(1) fm for
133Cs at the time [26], gave a cor-
rection to (ImEPNC)th. of −0.0018(5)× 10−11|e|a2B QWN ,
as explicitly visible in table IV of Ref. [10]. Here, we
want to remove this correction (but keeping all the other
corrections introduced in Ref. [10]), in order to retrieve
the experimental value of QCsW including the neutron skin
1 There are additional small corrections to ∆Qn−pW arising from
the internal structure of the nucleon, but these can be safely
neglected [19].
effect, indicated with QCs n.s.W . Removing this correction,
the theoretical amplitude needed in Eq. (5), becomes
(ImEPNC)
n.s.
th. = 0.8995(40)× 10−11|e|a2B
QW
N
, (13)
from which one finds QCs n.s.W = −72.44(43).
In Ref. [13], using the coherent elastic neutrino-nucleus
scattering (CEnNS) data of the COHERENT experi-
ment [27], the authors were able to determine for the
first time the average neutron rms radius of 133Cs and
127I. Being the values of Rp for these nuclei very similar,
with a difference of about 0.05 fm [28], it is expected that
also the values of Rn are equal within the current uncer-
tainties. They obtained a practically model-independent
value of RCOHERn = 5.5
+0.9
−1.1 fm that corresponds to a neu-
tron skin value of ∆RCOHERnp ' 0.7+0.9−1.1 fm.
This provides a unique opportunity to derive for the
first time a data-driven correction to QCs n.s.W , in order to
obtain a new value of QCsW that can be directly compared
with QSM+rad.corr.W . Using Eq. (12) one finds
QCsW = Q
Cs n.s.
W −∆Qn−pW
= −72.44(43)− 0.9+1.2−1.5 = −73.3+1.3−1.6 , (14)
which now relies on a direct experimental input for a
caesium nucleus. We note that now the central value
of QCsW is in better agreement with the SM value in
Eq. (4). Indeed, the difference with the SM prediction is
now δQCsW = −0.1+1.3−1.6. The effect of the inclusion of the
experimental input of the neutron distribution radius of
the caesium has the effect to shift the central value, but
also to increase significantly its uncertainty. Relating
this result to the weak mixing angle [10], we obtain2
the new APV value of sin2 ϑW = 0.239
+0.006
−0.007, with a
central value in very good agreement with the SM at low
momentum transfer, as showed by the red point in Fig. 1.
Since the APV measurement depends so crucially on
the neutron skin value, the first can be used in combina-
tion with the COHERENT data to determine the value
of Rn for
133Cs. Assuming that the SM is correct, and so
assuming the PDG value [1] of the weak mixing angle at
low momentum transfer3, the following combined APV
and COHERENT least-squares function can be built
χ2 =
15∑
i=4
(
N expi − (1 + α)N thi − (1 + β)Bi
σi
)2
+
(
α
σα
)2
+
(
β
σβ
)2
+ χ2APV , (15)
2 In the determination of Rn for caesium using CEnNS data the
value of the weak mixing angle is used, however this dependence
is very small and it does not change the outcome of this paper.
3 Note that this procedure is perfectly consistent since the neutron
radius from COHERENT data has been obtained assuming the
same low-energy value of the weak mixing angle.
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FIG. 2. With the red solid curve it is shown the ∆χ2 =
χ2−χ2min, with χ2 as defined in Eq. (15), as a function of the
neutron rms radius, Rn, obtained from the combined fit of
the COHERENT data and the APV caesium measurement.
With the blue dashed line it is shown the ∆χ2 obtained fitting
the COHERENT data alone (see Ref. [13]).
where the first three terms refer to the COHERENT data
analysis (see Ref. [13] for details), in which in every en-
ergy bin i, N expi and N
th
i are, respectively, the experi-
mental and theoretical number of CEnNS events, with
the latter depending on Rn, Bi is the estimated num-
ber of background events from Ref. [27], and σi is the
statistical uncertainty. The nuisance parameters α and
β represent the systematic uncertainty of the signal rate
and of the background rate, respectively, with associated
standard deviations of σα = 0.28 and σβ = 0.25 [27]. The
last ingredient in the least-squares function refers to the
APV measurement for caesium and can be written as
χ2APV =
(
(QCs n.s.W −∆Qn−pW )−QSM+rad.corr.W
σAPV
)2
,
(16)
in which σAPV is the total uncertainty corresponding to
σAPV = 0.43.
Figure 2 shows the corresponding marginal values of
the χ2 as a function of Rn, superimposed with the values
obtained fitting the COHERENT data alone. One can
see that the inclusion of the APV measurement allows
to shrink significantly the ∆χ2 profile, and to make it
symmetric with respect to the best fit value, reducing
the available space for low Rn’s. The result with the
inclusion of the APV measurement is
Rn = 5.42± 0.31 fm , (17)
which is highly compatible with that obtained using
CEnNS data only. Using the value found in Eq. (17) and
the updated value of Rp for
133Cs, Rp = 4.804(1) fm [28],
it is possible to infer for the first time a meaningful value
of the 133Cs neutron skin, which is
∆Rnp = 0.62± 0.31 fm . (18)
The central value shows a preference for a possible larger
than the model-predicted values [13, 23], despite more
precise measurements are required to confirm it.
Information on ∆Rnp is of particular importance
because it is correlated with many neutron-rich matter
properties, like the the total and the isovector den-
sities [29–33]. Moreover, the value of ∆Rnp provides
important information on the Equation Of State (EOS)
of nuclear matter. Recently, this field of research
has gained great attention after the observation of a
binary neutron star inspiral performed by the Advanced
LIGO and the Advanced Virgo gravitational-wave
experiments [34], from which it was possible to infer
information on neutron star EOS [35, 36]. In particular,
one of the main features of EOS, that has been recently
studied in detail, is the symmetry energy, S, and its
density dependence, a quantity known as the slope
parameter L = 3ρ0
(
dS
dρ
)
ρ0
, being ρ0 the so-called
saturation density. Since the neutron skin is linearly
correlated with L, an experimental measure of ∆Rnp
is probably the most reliable way to determine L (see
Ref. [37] for a review). Moreover, the value of L has a
direct impact on the properties of neutron stars. Indeed,
larger values of L, and thus larger values of ∆Rnp, would
suggest a stiffer EOS and allow for even larger neutron
star masses. Finally, a more precise determination of
Rn is crucial in order to better constraint [38] the most
insidious background for future direct dark matter detec-
tors [39] which is due to CEnNS process. Indeed, if not
well characterized, it will crucially limit the dark matter
discovery potential. Future dark matter experiments
like XENONnT [40], DARWIN [41] and LZ [42] will use
xenon as a target material and since caesium has similar
atomic and mass numbers to that of xenon, information
on Rn found in this paper could help to better estimate
the total number of expected CEnNS background events.
In conclusion, using the model independent average
neutron rms radius of 133Cs and 127I obtained in Ref. [13]
from the analysis of CEnNS data of the COHERENT ex-
periment, we show that the long-standing 1.5σ deviation
of the weak mixing angle measurement at very low mo-
mentum transfer, obtained via APV effects in caesium,
is weaken. The new value of the EW nuclear charge
QCsW = −73.3+1.3−1.6 is in very good agreement with the
SM value, with a difference δQCsW = −0.1+1.3−1.6. This cor-
responds to a new value of the weak mixing angle of
sin2 ϑW = 0.239
+0.006
−0.007. However, the uncertainty, which
is dominated by that of the caesium neutron distribu-
tion radius, is significantly enlarged with respect to the
previous one, that on the contrary did not use any direct
experimental input. This result highlights the crucial im-
portance of pursuing more precise measurements of Rn,
5for instance using future updates of COHERENT and
other CEnNS experiments, as showed in Ref. [13].
Finally, exploiting the fact that the APV result largely
depends on the caesium neutron radius and assuming
that the SM is correct, we perform a combined fit of the
latter with the COHERENT data. A better determina-
tion of the neutron rms radius of caesium is obtained,
namely Rn = 5.42 ± 0.31 fm. The inclusion of the APV
data allows to reduce the uncertainty on the radius by
one third with respect to the first experimental result in
Ref. [13] and a meaningful determination of the neutron
skin of caesium nuclei, leading to ∆Rnp = 0.62±0.31 fm,
showing for the first time a 2σ deviation from zero.
M. Cadeddu is grateful to C. Giunti and M. Lissia for
stimulating discussions.
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